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Abstract 
This paper presents an examination of heat pump systems in single family Canadian homes from a load matching and grid 
interaction perspective. First, a detailed energy model of a high performance single family home equipped with a PV array is 
developed for two Canadian regions (Toronto and Vancouver). This energy model then serves as a base for three distinct heat 
pump systems, ranging from a conventional air-source heat pump to a ground-source heat pump with limited thermal storage 
capacity. Results are examined both in terms of the HVAC system and the total performance of the home in order to fully 
describe the potential impact of heat pumps as a means of improving the building/grid interaction. 
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1. Introduction
Buildings have long been viewed as major consumers of energy. However, by applying a combination of energy
conservation measures and integrating onsite electricity generation, it is now possible to achieve buildings with a 
net-zero or even net-positive annual energy balance. While overall energy consumption measures have received 
significant attention, relatively little work has focused on the time-dependent relationship between generation and 
consumption in these buildings, and the subsequent impact on the electrical grid. These building/grid interactions 
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become particularly important when considering the aggregated impact that generation in buildings can have on 
local electricity grids. This paper aims to examine the role of heat pump systems in improving the building/grid 
interaction of single family homes in two Canadian regions.  
An accurate assessment of any building with electrical generating capacity requires the designer to go beyond 
typical annual energy performance metrics. Frameworks for examining the interaction of the building and electrical 
grid have been proposed by several authors [1, 2], and can generally be divided into (i) load matching and (ii) grid 
interaction indicators. Load matching indicators focus on the building load and generation profiles, and can be used 
to identify any temporal mismatches between electrical supply and demand within the building. Grid interaction 
parameters go beyond the building to examine net electricity import/export profiles from the local grid, and provide 
key insights into the potential impact of aggregated building generation on grid stability. 
Heat pumps have been recognized as a key component in future low energy buildings [3]. However, in addition 
to their ability to efficiently meet the thermal demands of a building, heat pumps also represent an important tool in 
the design and optimal operation of buildings within future electrical grids. By linking the thermal and electrical
networks of buildings, heat pumps in combination with thermal storage offer significant advantages over more 
costly and complex electrical storage methods (e.g batteries). Electricity drawn from the grid or onsite production 
can be easily converted into thermal energy and stored in the thermal mass of the building or other designated 
storage devices. This has particularly important implications for buildings with onsite electricity generation, where 
off-peak generated electricity can be converted to thermal energy and stored for use at a more opportune time. 
The objective of this paper is to examine the impact of heat pump systems from a load matching/grid interaction 
perspective. First, a detailed energy model of a single family Canadian home with a rooftop PV array is developed. 
This model is implemented in two Canadian regions (Toronto, Vancouver) to determine the impact of climate on the 
results. Several different heat pump systems are then integrated into the developed housing models, each examining 
a different aspect of system performance and thermal storage capacity. Finally, results are presented for system and 
total home performance to identify the potential of heat pumps in improving the building/grid interaction.  
2. Development of Low Energy Housing Model
A detailed energy model of a high performance home was defined as a base for system analysis. The building 
geometry was derived from the Canadian Centre for Housing Technology (CCHT) test home in Ottawa, Canada [4].
Representative of the average Canadian housing stock, the home consists of two above ground floors and a finished 
basement with a total heated floor area of 210 m2.
The developed building shell was then modified to create separate high performance housing models in Toronto 
and Vancouver. The energy target of each high performance home was an ERS-86 rating on the EnerGuide rating 
scale [5], which can also be defined as Net Zero Ready [6] (i.e. a home having the envelope and infrastructure to 
facilitate the cost effective implementation of onsite generation). Key building parameters for each region are 
provided in Table 1. Further details on model development can be found in Kegel et al [7]. 
Table 1. Key Housing Characteristics 
Toronto Vancouver
Roof RSI 8.93 m2°C/W (R51) 8.93 m2°C/W (R51)
Wall RSI 5.46 m2°C/W (R31) 4.48 m2°C/W (R25)
Basement Wall RSI 4.95 m2°C/W (R28) 4.95 m2°C/W (R28)
Basement Slab RSI 2.58 m2°C/W (R15) 1.86 m2°C/W (R11)
Window U-Value 1.35 W/m2°C 1.35 W/m2°C
Infiltration (air changes/hour @ 50Pa) 0.60 ACH 1.0 ACH 
Electricity Generation 4 kW Photovoltaic 4 kW Photovoltaic
For both homes, the DHW draw was assumed to be 233 L/day. Lighting loads were set at 0.7 kWh/day based on 
the use of CFL fixtures, while appliances were assumed to use 14 kWh/day based on EnerGuide energy 
consumption values [8].
All homes are modelled as “grid-tied” systems, in which any generation exceeding the load of the house is 
exported to the grid. If building loads exceed generation, any deficit is drawn from the local electrical grid.
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3. System Analysis
Four distinct HVAC systems were modelled to examine the impact that heat pump and thermal storage
technologies can have on the building/grid interaction: 
i. Base case (electrically heated) with Air-Conditioning (AC) unit
ii. Air- Source Heat Pump  with auxiliary electric heating (ASHP)
iii. Ground-Source Heat Pump in water-air configuration (GSHP-WA)
iv. Ground-Source Heat Pump with radiant floor distribution (GSHP-WW)
Each system represents a progression over the previous case aimed at determining the impact of improved heat 
pump capacities and increased thermal mass in the system. For all cases, the above ground floors were maintained at 
21°C in heating, and 23°C in cooling, while the basement was maintained at a minimum temperature of 16°C. 
Selected HVAC systems focused on meeting only the heating and cooling demands of the home, with DHW 
requirements met using standard tanks with electric heating elements. 
Table 2 summarizes key components and rated Coefficients of Performance (COP) for each mechanical system. 
Rated COP values are provided at AHRI standard conditions for air-source and ground-loop heat pumps. It is 
important to note that the conventional ASHP loses significant heating capacity below 0°C, and as such must be 
equipped with a fully sized electric auxiliary system. An additional point of interest relates to the control of the two 
GSHP units, which use inverter technology to vary the capacity of the heat pump. This allows both GSHP systems 
to operate over a range of part load conditions while maintaining efficiencies equal to or above the rated COP [9]. 
Table 2. HVAC System Summary 
Base ASHP GSHP-WA GSHP-WW
Heating Electric Baseboards HP (COP 3.0) [11] HP  (COP 3.5) [12] HP* (COP 3.5) [13]
Electric Baseboard Auxiliary 
Cooling AC (COP 3.5) [10] HP (COP 3.4) [11] HP (COP 5.1) [12] AC (COP 3.5) [10]
Notes Split System AC Split System HP Split System HP Radiant floor (Basement, 1st, 2nd)
On/Off control On/Off control Capacity control Buffer tank (1.5 m3)
Capacity control (HP only)
*The GSHP-WW HP is equipped with a smaller HP (1.0 ton vs. 2.0 ton) because of the additional thermal storage used in the system
Both GSHP systems require borehole ground heat exchangers, which have been sized according to the ground 
properties of each region, and the peak hourly, monthly, and annual loads imposed on the ground by the building 
and heat pump system. Each region used a single borehole, with a depth of 89 m in Toronto and 48 m in Vancouver.
4. Results and Discussion
TRNSYS [14] was selected to perform all energy modelling work because of its highly flexible nature and
strength in modelling HVAC and thermal storage technologies. Wherever possible, all parameters and data files 
were based on information from manufacturer specifications. Each system was simulated in TRNSYS using the 
appropriate local TMY2 weather file at a time step of approximately 5 minutes. 
4.1. Annual system performance 
Table 3 summarizes the energy performance of the selected HVAC and photovoltaic systems on an annual basis.  
Each heat pump system results in a clear reduction in annual energy use, particularly for space heating. The decrease 
in cooling energy use for the GSHP-WA system is due to the higher operational COP of the unit, which itself can be 
attributed to (i) relatively cool ground temperatures for heat rejection and (ii) the strong part load performance of the 
variable capacity heat pump in cooling. Despite the savings offered by each system, it is important to note that a 
significant portion of the energy use of the home is directed towards lights, appliances, and hot water preparation, 
which are not addressed by the heat pump systems examined in this study.  
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Although all cases use the same DHW system, DHW energy use is slightly different because of varying tank 
thermal losses to the surroundings. The DHW tank is located in the basement of the home, which is maintained at a 
minimum temperature of 16°C. This temperature is allowed to fluctuate upwards, with a maximum of 20.5°C
observed in the summer. Since each HVAC system represents a different combination of control and distribution 
methods, the temperature profiles in the home (and specifically the basement) are slightly different (All still 
maintain the minimum and maximum values specified above). This is particularly true for the GSHP-WW case, 
where the addition of a radiant floor requires increased floor insulation, keeping the basement cooler throughout the 
year. These cooler basement temperatures result in a slight increase in tank losses and DHW energy use.  
An analysis of PV generation reveals that, although PV only generates a small fraction of the energy needs of the 
house (23-34%), most of the PV generated electricity is exported to the grid (55-65%). This is because times of peak 
PV generation (mid-day, summer months) do not coincide with the periods of intensive energy use in the house. 
Load mismatch is particularly pronounced in the winter months, where thermal demands on the HVAC system peak 
during the evening and nighttime when PV generation is at a minimum. 
Table 3. Total System Energy Use & PV Generation 
Toronto Vancouver
Base ASHP GSHP-WA GSHP-WW Base ASHP GSHP-WA GSHP-WW
Heat (kWh) 6930 4340 2243 1675 6679 2516 1675 1464
Cool (kWh) 1073 1015 306 1139 818 804 290 902
Fans+Pumps (kWh) 1029 1082 1350 1562 1016 1072 1284 1754
DHW (kWh) 4652 4652 4652 4659 4379 4374 4374 4383
Light+Appliances (kWh) 4514 4514 4514 4514 4514 4514 4514 4514
Total Use (kWh) 18198 15603 13064 13549 17406 13279 12136 13017
PV Generation (kWh) 4267 4267 4267 4267 4081 4081 4081 4081
PV Generation / Total Use (%) 23.4% 27.3% 32.7% 31.5% 23.4% 30.7% 33.6% 31.4%
PV Export to Grid (kWh) 2364 2443 2679 2352 2350 2468 2654 2317
PV Consumed Locally (kWh) 1903 1825 1588 1915 1731 1614 1427 1765
Percentage PV Exported (%) 55.4% 57.2% 62.8% 55.1% 57.6% 60.5% 65.0% 56.8%
Figure 1 shows a box plot of the annual electricity export (imports are negative values) for each system in (a) 
Toronto and (b) Vancouver. The edges of each box denote the 25th and 75th percentiles, while the whiskers show 
peak electricity export and import values. The line crossing each box represents the median value. Data resolution 
has been noted as a key factor when examining the building/grid interaction [15]. As such, results presented in this 
paper are based on the same time step as the simulation (approximately 5 minutes). 
An examination of both regions shows that the integration of heat pump systems reduces the duration and 
magnitude of the home’s demands on the local utility grid. This impact is most evident for heat pump systems that 
are capable of consistently meeting the full heating demands of the home. Taking the Toronto region as an example, 
both GSHP systems result in more substantial reductions than the ASHP because these systems do not rely on a less 
efficient baseboard auxiliary system to meet the heating loads during the coldest winter days. This relationship is
less evident in Vancouver, primarily because the warmer climate allows the ASHP system to meet a much more 
substantial portion of the annual heating demands of the building. 
(a)                                                                     (b)
Figure 1. Annual System Exported Power Box Plots for (a) Toronto (b) Vancouver
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4.2. HVAC seasonal system performance 
In order to more closely assess and compare each system, an analysis was performed on HVAC system power 
(heat pumps, pumps, fans, auxiliary heaters) over the core heating months (December 1st to February 28th ). The 
resulting box plots are shown in Figure 2 (a) for Toronto and (b) for Vancouver.  
One of the most interesting aspects of the comparisons in Figure 2 is the presentation of the data spread inherent 
in each system. Using the Toronto data as an example, there is a substantial decrease in the data spread (25th -75th
percentile) with the integration of each heat pump system, which can be attributed to the fact that system power use 
values are significantly reduced by the high efficiencies offered with the heat pump systems. In both cities, the two 
GSHP systems offer relatively narrow data ranges, both overall and between the 25th and 75th percentiles. This 
represents an ideal trait when examining the system from a grid perspective, as it suggests a minimum of demand 
fluctuation for the grid.  
An analysis of the median value of each heat pump system also reveals an interesting trend. While both GSHP 
systems offer the greatest peak demand reductions because of their high efficiencies and variable capacity 
compressors, the median power draw is actually slightly higher than for the ASHP. The use of capacity control in 
both units results in these systems operating at lower power for a longer period of time, increasing the median 
electricity imports. This is supported by an analysis of the operating hours of each heat pump during the heating 
season, which shows that, for instance, the GSHP-WA system operates for 1521 hours in Toronto (compared to 546 
hours for the ASHP) and 1317 hours in Vancouver (compared to 613 hours for the ASHP). Future work will 
examine variable capacity air-source heat pumps, as well as the potential of staged baseboard heating. 
An additional point that is evident when comparing Figure 1 and Figure 2 is that the impact of heat pumps 
appears somewhat smaller when considering the complete performance of the building. In fact, heating and cooling 
(the primary end uses served by the heat pumps in this study) accounts for only 30% of total energy use in the 
studied building. As such, in order for heat pumps to further improve the grid interaction characteristics of buildings, 
it may be fruitful to consider additional thermal loads, especially domestic hot water draws. 
One aspect that has not been fully investigated in this study is the importance of the control strategy for the 
building/system. The operation of each system studied in this paper can primarily be described as ‘reactive’: The 
heat pump operates when the monitored temperature (air, or water) is beyond a preset range. As such, any benefits 
obtained from the heat pump systems (reductions in peak loads, reduced energy use) derive only from their 
inherently higher efficiencies, and not because of improved system control. More advanced control strategies have 
been discussed significantly in the literature for buildings with generating capacity [16,17], which can use some 
form of prediction and planning (based on a system model and weather and occupancy predictions) in order to more 
appropriately control building demands and electricity import/export profiles. Future work will examine these more 
advanced control strategies, and the potential of addressing the hot water load in addition to heating and cooling. 
     (a)                                                                                    (b) 
 Figure 2. Box Plots of HVAC System Power during Heating Season for (a) Toronto (b) Vancouver 
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5. Conclusions and Future Work
This study has presented an analysis of heat pumps in single family Canadian homes from a load matching and
grid interaction perspective. First, a detailed energy model of a typical high performance Canadian home was 
created. This model then served as a base for several heat pump systems, each examining a different aspect of 
system performance and thermal storage capacity. Results were then examined in terms of system energy use and 
total electricity import/export. 
System analysis demonstrated the ability of each heat pump to reduce the duration and magnitude of imports 
from the electricity grid. These reductions were dependent on the ability of the heat pump system to consistently 
meet the full heating loads of the building. Fully sized heat pump systems such as the GSHP-WA and GSHP-WW 
demonstrated the most significant reduction of electricity imports in each city examined. A comparison of HVAC 
and total home performance revealed that the while heat pumps have a clear impact on grid interaction 
characteristics, other substantial loads in the home must be addressed including lighting, appliances and receptacles, 
and hot water preparation. It should also be noted that all results presented derive only from the inherently higher 
efficiency of heat pump systems, and do not examine the impact that improved control strategies may have. 
This study represents a first step into the examination of buildings with generating capacity. As such, a number of 
future extensions to the research are planned. First and foremost, additional systems will be examined, especially 
those addressing the hot water loads in addition to heating and cooling. These new systems will also be examined in 
conjunction with advanced control strategies, which will allow for a more pro-active system management. Finally, 
one of the major findings during the completion of this work has been the limitations of using conventional building 
simulation tools when it comes to the stochastic representation of appliance and lighting loads on an annual basis. 
This will be a key focus of future work, in addition to the research previously described. 
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